Semiaquatic walking has resulted in the evolution of functional and morphological changes in various hoofed mammals, such as hippopotamus and Brazilian tapir. The biomechanics of skilful walking in wetlands or at the bottom of a waterbody involve the medio-lateral opening and closing of the feet to effectively support and stabilize the body on soft ground and to reduce the water resistance during recovery stroke, respectively. We demonstrate that the opening and closing of the feet in hippopotamus and Brazilian tapir are mediated by the adduction and abduction of the most medial and lateral phalanges from the CT examination. The axial toes, metacarpals and metatarsals do not contribute to changes in the width and shape of the feet, unlike the medial and lateral toes. We suggest that this semiaquatic walking motion is derived from the original terrestrial mode of locomotion, in contrast to the highly functional swimming motion using webs or fins in morphologically modified feet and tail. From the present data we demonstrate that semiaquatic locomotion evolved due to the acquisition of adductor-abductor mobility in the phalanges of the most medial and lateral digits, as shown in hippopotamus and Brazilian tapir.
| INTRODUC TI ON
Hippopotamus, tapirs and Asian water buffalo are the hoofed mammals preferring a permanent water habitat and spend the entire day in the water (Lekagul & McNeely, 1977; Nowak, 1999) . These species are highly mobile and can efficiently walk on the bottom of a waterbody, although they are actually poor swimmers. Since neither hippopotamus nor tapirs possess functionally specialized apparatus necessary for paddling in the water, such as enlarged webs or flat tail, they should not be considered highly adapted for aquatic life (Reidenberg, 2007; Tarasoff, Bisaillon, Pierard, & Whitt, 1972) . Nevertheless, the forefoot and hindfoot in hippopotamus and tapirs may have been refined for locomotion in the water unlike in usual terrestrial hoofed animals. We hypothesized that semiaquatic walking motion using four limbs may have been mediated by morphological adaptations in the feet in hippopotamus and tapirs. We suggest that these species may represent the evolutionary emergence of aquatic locomotion in hoofed animals.
Therefore, we expect that the degree of functional specialization and morphological evolutionary status in these species will reveal functional-transitional models of the foot adapted from terrestrial to aquatic walking motion. The muscular system in hippopotamuses has been traditionally described (Campbell, 1936 (Campbell, , 1945 Gratiolet, 1867; Macalister, 1873) . Actually some of the works comparatively have observed the foot among various taxa (Campbell, 1936 (Campbell, , 1945 .
The hooves of Asian water buffalo (Bubalus bubalis) were also examined using CT (computed tomography) and could be compared with those of cattle (Bos taurus) (El-Shafey & Kassab, 2013; Nourinezhad, Mazaheri, Pourmahdi Borujebi, & Daneshi, 2012; Raji, Sardari, & Mohammadi, 2008) . However, functional and morphological changes underlying the semiaquatic adaptations in the foot of these species could not be clarified. Therefore, in this study, we performed threedimensional (3D) simulations and CT observations of the phalanges, metacarpals and metatarsals in hippopotamus and Brazilian tapir to determine the movement of these bones during walking on the bottom of a waterbody. These data will enable us to establish a theory of the evolutionarily transitional stage of locomotor apparatus in semiaquatic mammalian life.
| MATERIAL S AND ME THODS
A carcass of 54-year-old female hippopotamus (Hippopotamus amphibius) which was donated to The University Museum of The University of Tokyo by Kamine Zoo was used in this study.
A carcass of male Brazilian tapir (Tapirus terrestris) of more than 20 years old which was donated to The University Museum of The University of Tokyo by Izu Shaboten Zoo was also examined.
After pathological examinations of both individuals, a CT scanner (Asteion PREMIUM 4 EDITION, Toshiba Medical Systems, Tokyo, Japan) was used to serially section the extremities of the limbs from parallel distal to proximal planes with a 0.5 mm thickness and without a gap. The left forefoot and hindfoot were scanned in hippopotamus, whereas the right forefoot and hindfoot were scanned in tapir, since distal parts of other limbs were dissected for pathological examination. The metacarpals, metatarsals and phalanges were positioned to simulate opening and closing movements during CT scanning. The opening foot assumes the state bearing body weight when the toes begin to kick the ground. In the opening state, the phalanges, and metacarpals or metatarsals were opened as much as possible in the artificial simulation. In contrast the closing foot assumes the state that does not support the body weight to reduce the resistance of the water during aquatic walking. In the closing state, the phalanges, and metacarpals or metatarsals were closed as much as possible in the artificial simulation.
The series of images from the CT data were used to reconstruct 3D images of the forefoot and hindfoot. The angle and distance of metacarpals, metatarsals and phalanges were examined by using voxel data and a 3D image analysing system (AZE Virtual Place: AZE Corporation, Tokyo, Japan) to quantitatively clarify the opening and closing movements of foot bones. The landmarks used to measure angles and distances in the reconstructed images are shown (Figures 1-4) . 
| Forefoot
The 0-3-3-3-3 formula of the phalanges is common between hippopotamus and tapirs (Figures 5, 6, 9 and 10) (Lessertisseur & Saban, 1967) 
| Hindfoot
Hippopotamus is equipped with four toes, whereas tapir has three toes. All digits have the proximal, middle and distal phalanges.
The formula of the phalanges is 0-3-3-3-3 in hippopotamus, and 0-3-3-3-0 in tapir (Figures 7, 8, 11 and 12) (Lessertisseur & Saban, 1967) . In hippopotamus, like the forefoot, the two axial toes are similarly larger than both the medial 2nd and lateral 5th digits in the F I G U R E 3 Landmarks used in the 3D-reconstructed image osteometry in the left forefoot of the Brazilian tapir. Opening state. Large arrow (the dorso-proximal point of the 3rd metacarpal) indicates the proximal point to measure the angles between the metacarpals or distal phalanges. Intermediate arrows indicate the dorso-distal point of the metacarpals to measure the angles and distances between the metacarpals. Small arrows indicate the most distal point of the distal phalanges to measure the angles and distances between the phalanges. The keratinized hooves are partially shown as translucent contour F I G U R E 4 Landmarks used in the 3D-reconstructed image osteometry in the left hindfoot of the Brazilian tapir. Opening state. Large arrow (the dorso-proximal point of the 3rd metatarsal) indicates the proximal point to measure the angles between the metatarsals or distal phalanges. Intermediate arrows indicate the dorso-distal point of the metatarsals to measure the angles and distances between the metatarsals. Small arrows indicate the most distal point of the distal phalanges to measure the angles and distances between the phalanges. The keratinized hooves are partially shown as translucent contour hindfoot. In Brazilian tapir, unlike the asymmetrical forefoot, the axial 3rd digit is the largest and the medial 2nd and lateral 4th toes are smaller in the hindfoot. In tapir, the hindfoot appears medio-laterally symmetrical in comparison with the forefoot.
The metatarsals and phalanges of the hindfoot are much more robust in hippopotamus than in tapir. Regarding arrangement, the outline proportion of the hindfoot is narrower in medio-lateral width in Brazilian tapir than in hippopotamus in both the opening and closing states of the phalanges.
| 3D image measurements of the opening and closing sates of the toes
The angles and distances among landmarks in the opening and closing states are shown in the two species (Tables 1 and 2 ).
In hippopotamus, the phalanges of 2nd and 5th toes are mediolaterally opened in the forefoot (Tables 1 and 2 ). The adduction of the phalanges of 2nd digit is distinctly larger than the abduction of the 5th digit. During opening and closing movements, the distance and angle between 3rd and 4th digits do not change as much as those between the medial and lateral digits. This basic plan of bone movement is similar between the forefoot and hindfoot (Figures 5-8 ).
The metacarpals do not move medio-laterally during opening and closing movements of the phalanges (Tables 1 and 2 ).
Interestingly, there are no adduction-abduction movements in the metatarsals or metacarpals. This indicates that the opening and closing movements of the four feet are not largely related to movements of the metacarpals and metatarsals, but rather depends on the movements of the phalanges of the 2nd and 5th digits in hippopotamus.
In the forefoot of Brazilian tapir, the phalanges of the 2nd digits can largely adduct (Tables 1 and 2 
| D ISCUSS I ON
The biomechanics of semiaquatic walking have evolved functionally and morphologically in hoofed mammals as shown in the hippopotamus and tapirs. In addition to the locomotion mechanism, the dorsal positioning of the orbits and nostril in the skull, protruding ear lobes or long trunk of the nose, which enable animals to breathe and see without exposing themselves, also represent adaptations for semiaquatic behaviour in hippopotamus and tapirs (Nowak, 1999) . These morphological adaptations, which enable animals to stay in the water for resting or sleeping, indicate that these species efficiently use water or marsh environments to protect themselves from their natural enemies.
Our 3D examinations of the feet in hippopotamus and tapir focused on morphological characteristics associated with adaptations for aquatic walking. Some species preferring life in marshes and wetlands, such as Kobus, possess large false hooves formed by the 2nd and 5th digits (Nowak, 1999) . These false hooves may prevent animals from getting stuck in the mud, although they do not have eye orbits and nostril adapted to aquatic habitats. We suggest that the widened forefoot and hindfoot in hippopotamus may act similar to the false hooves of Kobus and contribute to efficient walking on soft ground.
Various populations of the Asian water buffalos are equipped with larger hooves than cattle (Kotwal & Mishra, 2003; Nowak, 1999) , and obviously asymmetrical metacarpals, metatarsals and 3rd and 4th digits that are different from those of cattle. The larger hooves and larger medial digits may be effective for efficient walking in wetlands. Based on the present data, we suggest that the medio-lateral widening of the foot and the adduction-abduction of the 2nd and 5th digits may be adaptations for locomotion during water-submerged states in hippopotamus as well as in the asymmetrical foot of Asian water buffalo. We also hypothesize that the 5th digit in the asymmetrical forefoot of tapirs may contribute to locomotion on soft ground as known in Asian water buffalo.
The morphological plan for the skeletal movement of the foot during opening and closing states is similar between hippopotamus and Brazilian tapir, since only phalanges in the most medial and lateral digits except for the 5th digit of tapir forefoot contribute to the opening and closing of the forefoot and hindfoot. The adductionabduction movements in the metacarpals or metatarsals could not be observed in both species. The anatomical data pointed out that (Campbell, 1936; Fisher, Scott, & Adrian, 2010; Fisher, Scott, & Naples, 2007) . The data also have suggested that the interosseous muscles inserting to their proximal ends do not effectively adduct or abduct the metatarsals, but only stabilize them. These myological descriptions are consistent with the results of the present CT simulation indicating the immobility of the metacarpals and metatarsals in hippopotamus and tapirs. It is likely that morphological differences in the surface of metacarpophalangeal and metatarsophalangeal joints are related to differences in mediolateral mobility between the axial digits and the medial and lateral digits, at least in the two taxa.
In its original form in hippopotamus, the arrangement of the carpals, metacarpals, tarsals, metatarsals and phalanges is medio-laterally enlarged, whereas the arrangement of those bones in tapir is medio-laterally narrower. This difference in the basic bone arrangement of these two taxa may be determined primarily by the difference in their body weights. An average adult hippopotamus is approximately 10 times as heavy as an average adult tapir (Nowak, 1999) . The narrower medio-lateral arrangement of foot bones in tapir may be advantageous in reducing resistance of the water; however, the structure of the foot in tapir cannot bear a large body weight of a hippopotamus. A medio-laterally widened foot may be required to support the high weight of hippopotamus.
Semiaquatic walking also requires the closing movement of digits to reduce the resistance of the water in any taxa. We suggest that the animals use the narrower closing state of the foot at least during the recovery stroke. In contrast, the opening movement of the phalanges stabilizes the body on soft ground, as occurs with larger hooves of Asian water buffalo or false hooves of Kobus. The functional-morphological review mentioned that (Reidenberg, 2007) . However, unlike this suggestion, our CT images point out that the adducting medial and abducting lateral toes prevent the animals from getting stuck in marshes. Since the movement of phalanges during a power stroke remains unclear, it is possible that animals use their opened foot to paddle water during a power stroke when in deep water where not all feet touch the ground.
When walking in water, the medio-lateral movement of the foot bones may reduce the resistance of the water and it may help to stabilize the body in wetlands. In this study, we cannot address the question of why hippopotamus has four toes in the forefoot and hindfoot, whereas tapir has four toes in the forefoot and three toes in hindfoot. Since the mechanism underlying the opening and closing of the foot during submerged walking could not explain the difference in the number of the digits, it may be due to a phylogenetic constraint rather than functional factor.
Perrisodactyls including tapirs are evolved taxa with odd digits in feet. Although an even number of digits has been historically shown in some preriisodactyls, some taxa have developed one or three digits during course of evolution. The genetic and developmental mechanism regulating the number of digits in hoofed mammals should be determined. However, the Tapiridae is a significant exception and all extant species of the tapirs have four digits in the forefoot and three digits in the hindfoot. The functional impact of differences between the forefoot and hindfoot remains unclear. However, we hypothesize that asymmetry of the 5th digit in the forefoot in tapirs may be advantageous during walk and standing in wetlands. 
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